Galliform and non-galliform birds express three immunoglobulin isotypes, IgM, IgA and IgY. Beyond this we should not generalize because differences in gene organization may have functional consequences reflected in the immune response. At present, studies on non-galliform birds are largely restricted to ducks. Ducks express an alternatively spliced form of their IgY heavy chain (ν) gene, the IgY(ΔFc), that lacks the Fc region and Fc-associated secondary effector functions. It is not known how common the expression of the IgY(ΔFc) is among birds, nor the functional consequences. It is also not known whether the unusual organization of the duck IgH locus, also shared with the chicken, having the gene order of μ, α and ν, with α inverted in the locus, is unique to the galloanseriform lineage. Ducks, like chickens, have a single immunoglobulin light chain of the lambda (λ) type. Evidence suggests that ducks, like chickens, generate their immunoglobulin repertoire through a single functional rearrangement of the variable (V) region, and generate diversity through gene conversion from a pool of pseudogenes. In Southern blots of germline and rearranged bursal DNA, both the heavy and light chain loci of ducks appear to each undergo one major rearrangement event. For both heavy and light chains, the functional V region element and the pseudogenes appear to consist of a single gene family. Further analysis of 26 heavy chain joining (JH) and 27 light chain JL segments shows there is use of a single J segment in ducks, which is diversified presumably through somatic mutations and gene conversion events. Despite this limitation on the rearrangement of immunoglobulin genes, analysis of 26 DH and 122 VL sequences suggests that extensive sequence diversity is generated.
Introduction
The birds are an enormously diverse group of vertebrates, comprised of around 9000 species. Outside the galliform birds almost nothing is known about the immunoglobulins. While it is clear that all birds have the typical vertebrate adaptive immune system and can produce antibodies, documentation of the structure, genetics and diversity of these antibodies is almost completely lacking in most species, although small islands of information, usually quite incomplete, do exist. Examples include very limited studies on the antibodies of psittaciform (parrots etc) [1] and struthioniform (ostriches, emus etc) species [2] . After the chicken, the birds about whose immune systems most is known are the ducks. In terms of the breadth of our knowledge, this is unfortunate, since the anseriform birds (ducks and their relatives) are the closest relatives of the chickens, the gallo-anserine lineage having split about 90 million years ago [3] .
Ducks have the same hematopoietic tissues as chickens, including bone marrow, gut associated lymphoid tissue, spleen, thymus and the Bursa of Fabricius, a specialized organ for B lymphoid development. However, there is one notable difference. Ducks have lymph nodes, which are completely absent in chickens [4] .
Duck antibody structure and function
Based on what we know, primarily from studies in ducks and chickens, it is possible to make some sweeping generalizations about the immune system of birds, while recognizing that future experimental findings may well require a major revision of our assumptions. Birds have three classes of antibody: IgM, IgY and IgA. Each of these has been identified in ducks and their structure is illustrated schematically in Fig. 1 . In addition, ducks have a smaller form of IgY, called IgY (ΔFc). These antibodies are present in serum and secretions of ducks with a distinct tissue distribution (Table 1) . IgM and IgY and IgY (ΔFc) are present in serum, while IgA is expressed in a variety of secretions [5, 6] . The immunoglobulin heavy chain genes have been identified for each isotype [7, 8] as well as the gene encoding the light chain [9] (Table 2 ). In the subsequent sections, we will focus on our knowledge of duck Ig structure and gene organization, noting where appropriate the distinctions between ducks and other species of non-anseriform birds that should probably be drawn.
IgM is the only class of antibody that is found in all vertebrates, and it exists primarily in two forms: a secreted, soluble, circulating polymeric form, and a monomeric form (illustrated in Fig. 1 ) that serves B lymphocytes as a membrane receptor for antigens. Ducks have a circulating polymeric IgM, having a molecular weight of approximately 800 kDa [10] . The heavy chains are 86 kDa and the light chains 23-25 kDa [10] . This has been previously interpreted as a tetrameric structure for IgM in ducks [6] . However, size determinations of chicken IgM, which was inferred to have a pentameric structure, yielded values ranging from 823 to 954 kDa, depending on solvent conditions [11] . The size of both chicken [11] and duck [10] IgM is larger than that of a true tetrameric IgM, such as occurs in teleost fish [11] and thus both are likely to be pentameric.
IgY is the major low-molecular weight form of antibody found circulating in birds, where it has sometimes been referred to as IgG. However, IgY differs from IgG in possessing an additional constant (C) region domain, there are 4 in IgY versus 3 C region domains in IgG. An IgY-like molecule is likely to have been the evolutionary precursor of both IgG and IgE immunoglobulins [12, 13] . Genes encoding IgY from amphibian and birds group together in a phylogenetic distance tree, and are basal to the branches of independent groups carrying γ and ɛ genes [14] . The similarity of the terminal secretory tail of two amino acids beyond the cryptic splice site used for the transmembrane exons in the γ, ɛ and ν genes suggests their common origin [12, 13, [15] [16] [17] , while the secretory tail for α and μ is 20 amino acids. The adjacent position of γ and ɛ genes in mammalian IgH chain loci is consistent with their recent duplication. Most importantly, the function of IgY appears to combine the two functions that are typically served separately by IgG and IgE. Like IgG, IgY is the major systemic antibody, involved in complement fixation and opsonization and maternally transferred to the developing offspring in egg yolk. Like IgE, IgY is a tissue sensitizing antibody, and can be involved in anaphylaxis [18] .
Ducks possess three forms of IgY (see Fig. 1 ); a secreted form, with four constant region (C) domains, a receptor form with a hydrophobic membrane-spanning C-terminus, and a truncated form termed IgY(ΔFc) that has only 2 C region domains [7, 13, 19] . The genetic basis of the structural diversity seen in the duck IgY heavy (-upsilon or ν) chain is now understood [13] . There is a single ν gene, and the C regions of the 3 ν isoforms are encoded by 7 exons, which undergo alternative pathways of RNA processing to generate the 3 species of ν mRNA (Fig. 2 ). The ratio of full-length IgY to truncated IgY (ΔFc) in serum is approximately 3-5, however, the truncated form appears to predominate later in the immune response. While both IgY and IgY(ΔFc) appear to be passed to offspring through yolk sac transmission, the full-length form is predominantly transmitted [20] . An obvious question that arises from these observations in the duck, is how common is it for birds to express three isoforms of IgY? This intriguing question cannot be answered, but certainly not all birds have three isoforms. Chickens express only the full-length and membrane-receptor forms of IgY [12] , and whether they possess the alternate exon for production of the truncated form has not been investigated.
There has been no systematic study of bird immunoglobulins. A small form of IgY (5.7S) is produced by some species of turtles [21] [22] [23] suggesting that its production may not be restricted to ducks. Whether this truncated form is functionally important has not been rigorously studied. However, some have termed the duck immune response inept. Its antibodies are produced in good quantity and bind ligand well, and thus can participate in neutralization. However, they are lacking in secondary biological effector functions including precipitation, agglutination, complement fixation and opsonization [24, 25] . An obvious reason for the lack of these functions is the predominance of a circulating antibody that lacks an Fc region [6, 7] . Interestingly, despite this apparent handicap ducks typically survive quite well in their wet and dirty environment. Either this truncated antibody plays a role in immunity that has not yet been elucidated, or perhaps ducks rely on innate immune defenses.
IgA is the antibody that has evolved to perform defense functions at (or beyond) the outer surface of the body [26] , and it has been described to date only in mammals and birds [27] . IgA is found in the secretions of the gut, respiratory and reproductive tracts, as well as in tears, bile and (in mammals) the milk. The secreted IgA of mammals is typically a dimer, complexed with J chain and with secretory component [26] . Bile immunoglobulin in ducks (which was at one stage termed IgX, [10] appears to exist as a polymer with a Mr of 890 kDa [10] . Molecular cloning of the secretory Ig suggested that it is a true homologue of IgA [8] . The exact structure of this polymer is unknown, although a tetrameric structure, as drawn in Fig. 1 , is plausible [8, 10] . The genes encoding polymeric Ig receptor (the precursor for secretory component) and J chain have been identified in ducks (K. Magor, unpublished observations). The post-hatching expression of IgA in ducks is delayed in ontogeny compared to chickens, and this may also have an impact on the immune defense in ducks [8] .
The overwhelming evidence is that all birds express only a single class of immunoglobulin light (L) chain [9, 28] most closely related to the λ chain of the mammals [29, 30] . The suggestion of additional classes of L chain in the birds [31] has not been substantiated at the amino acid sequence or genetic level.
Antigen recognition and generation of antibody diversity
Birds have very limited numbers of functional V region encoding elements in their germline, and utilize extensive gene-conversion mechanisms from suites of pseudogenes as a major mechanism for the generation of diversity. The generation of antibody binding-site diversity is very well understood for the chicken [12, [32] [33] [34] but much less well understood for the duck [35] . Duck antibodies undergo affinity maturation [36] and protective antibodies can be elicited to several duck pathogens [37] [38] [39] .
The structure of the IgH locus of the mallard duck (Anas platyrhynchos) has been reconstructed from recombinant genomic phage clones, and the region containing the D element to the three constant (C) region genes (μ, ν, α) completely sequenced (Fig. 2) . The most interesting aspect of the arrangement of the C genes in the duck is that the α gene has apparently been translocated to the middle of the locus, as the order of the genes is μ/α/ν [40] . This translocation event also involved the inversion of the α gene, which is in opposite transcriptional orientation to the μ and ν genes [40, 41] . This translocation and inversion event predated the split between the anseriform and galliform birds, as it is also found in the chicken [42] . It is not known, however, if this unusual structure of the IgH locus is unique to the gallo-anserine lineage, as the IgH locus of no other birds has been elucidated. The potential impact of the translocation/inversion of the α gene on the immune system of the duck (especially the expression of IgA) has been speculated upon. Because class switching to α involves an inversion within the locus, rather than a deletion of μ, the switching may be cumbersome and a possible cause for the delayed expression of IgA in duck ontogeny [40, 41] . Subtle differences in the way the genes are regulated may account for the observed difference in IgA expression between chickens and ducks.
The generation of diversity in the VH regions of duck antibodies is not definitively understood, but partial information is available that can help us deduce a likely model. First, analyses of the available cDNA sequences of duck H chains indicate that there is a single family of VH sequences. An analysis of the distribution of sequence identities within 26 duck JH sequences (Fig. 3a) confirms that there is a single expressed JH element. The genomic sequence analysis identified a single JH element, which was found immediately downstream of a D segment [40] . It is not known whether there is more than one D segment. A similar pairwise comparison of D segments indicated widely divergent sequences are generated (Fig. 3b) . Genomic Southern blot analysis [7] suggests that there is a diversified family of VH sequences in the duck, but does not allow any conclusion to be drawn as to whether or not the detected sequences represent functional or pseudo VH genes.
To examine the rearrangement of the duck heavy chain locus we carried out a Southern blot analysis as originally described by Reynaud et al., [32] in defining the limited immunoglobulin gene rearrangements in the chicken. In Fig. 4a , germline DNA from nucleated erythrocytes is compared to that of rearranged DNA from bursa in a Southern blot hybridized with the JH region probe. There is a single major rearrangement product obvious as one hybridizing band in the Pvu II digested bursal DNA, and two hybridizing bands evident in the Eco RI digestion of bursal DNA. Since, there is a single J element in the duck heavy chain locus [40] , most likely this can be attributed to one major rearrangement event at two allelic forms of the heavy chain locus in a heterozygous individual. The rearrangement event combines the J region with a single D and single V region. Alternatively, to account for the two hybridizing bands in the Eco RI digestion, there are two major rearrangement events involving two separate V region genes in the locus. Thus, the available evidence for the IgH locus of the mallard duck is compatible with (but does not definitively demonstrate) the model for V region diversification established in the chicken. That is, the use of a restricted number of functional VH, D and JH germline elements, with diversification being generated by mechanisms of gene conversion from a large suite of donor germline sequences.
In terms of the generation of diversity in the VL domains of duck antibodies, the situation is very similar to that described above for the VH domains; there are few functional coding VL and JL elements in the germline, and diversification most likely arises in large measure from gene conversion events from an extensive suite of germline VL-related sequences. Genomic Southern blot analysis showed that there is a large family of germline VL-related sequences in the mallard duck [9] . Southern blot analysis showed that a single major rearrangement was evident at the light chain locus of mallard duck, yielding a single hybridizing band in germline DNA compared to two bands in rearranged bursal DNA (Fig. 4b) . It is not known whether there is a single functional V and J element in the duck L chain locus, however, that is the simplest explanation of the results. This mechanism for the generation of diversity at the light chain may be true for the majority of birds, including mallard duck, quail, pigeon and turkey, with the one exception being the muscovy duck (Cairina moschata) [35] . In the muscovy duck, the genomic analyses showed that there were at least two functional VL genes, although only one of them contributed to the final repertoire [35] . Thus, there is certainly the possibility that recombinatorial processes contribute to the generation of diversity in the antibodies of nongalliform birds.
Analysis of sequence identities within a collection of 121 light chain cDNA sequences is compatible with the conclusion that there is a single family of VL sequences (Fig. 5a ). Pairwise comparisons of the V region sequences yielded a single peak, suggesting that all sequences are related to each other. The vast majority of sequence pairs differ by about 10-20% suggesting the pseudogenes and functional V region can all be considered one family. What emerges from this analysis is that despite this limitation to the diversification of a single VL region, there is extensive diversity in the light chain sequences. Only two pairs of identical VL sequences were observed in 122 randomly selected sequences. The 27 JL sequences that were compared mainly differ by single nucleotide point substitutions, although one sequence carried an insertion (Fig.  5b ). These differences suggest that a single J sequence is being diversified through gene conversion and somatic mutations.
Critical areas for research
The similarities and differences between duck and chicken antibodies and immune responses may help develop a framework for avian immunology, from which we can pose interesting research questions. Ducks, like chickens, generate their immunoglobulin variable region for both heavy and light chains by a single rearrangement event, and diversify it through gene conversion from a pool of pseudogenes. Despite this limitation, ducks and chickens do generate an extensive antibody repertoire. Would comparison of their pseudogene sequences help identify sequence elements necessary for targeting gene conversion events? Ducks and chickens have an unusual organization of constant region genes in the IgH locus, of mu-alphaupsilon, with the alpha gene in opposite transcriptional orientation. How widespread is this organization among birds, and what consequences does it have on isotype switching and immune memory? Ducks have lymph nodes, which are absent in chickens. What genes are responsible for this difference, and what is the impact on the immune response? Ducks have a truncated IgY, the IgY (ΔFc), as a major serum antibody, while chickens do not. What role does this antibody play in the duck, and how widespread is it among birds? Finally, when one can identify obvious anomalies in the immunoglobulin genes of ducks, how is it that they survive so well in their wet and dirty environment? In particular, how do they remain largely unharmed by avian influenza, while chickens are so susceptible? With the genetic resources now available for chickens [43] and ducks [44] , we hope to answer some of these questions. A schematic of the duck immunoglobulin heavy chain locus. The D region through the three C region genes has been completely sequenced on overlapping lambda phage clones. The number of functional V and D elements is inferred and the number of pseudo V region genes is unknown. Below the locus are schematics of the heavy chain transcripts to illustrate the alternative transcripts arising from each gene, giving rise to the heavy chains for the secreted and membrane bound immunoglobulins. Frequency of percent identity in pairwise comparisons of 121 VL (A) and 27 JL (B) segments. The sequences were aligned using Clustal W (Megalign, DNAStar, Madison WI), and sequences corresponding to individual VL and JL regions were separated. Comparison of individual sequences was done for 121 VL and 27 JL sequences yielding 7260 and 351 pairwise comparisons, respectively. A cDNA library constructed from duck spleen [45] was once amplified, plasmids excised from lambda ZAP in bulk, and individual bacterial colonies randomly selected. Single-pass sequences of cDNA clones used in the analysis of heavy and light chains are deposited in the Genbank dbEST database under accession numbers CX95445-581 and DN161074-85.
